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Abstract
Diffusion tensor imaging (DTI) histogram metrics are correlated with clinical parameters in cerebral small vessel diseases
(cSVD). Whether ADC histogram parameters derived from simple diffusion weighted imaging (DWI) can provide relevant
markers for long term studies of cSVD remains unknown. CADASIL patients were evaluated by DWI and DTI in a large cohort
study overa6-year period. ADC histogram parameters were compared to those derived from mean diffusivity (MD)
histograms in 280 patients using intra-class correlation and Bland-Altman plots. Impact of image corrections applied to ADC
maps was assessed and a mixed effect model was used for analyzing the effects of scanner upgrades. The results showed
that ADC histogram parameters are strongly correlated to MD histogram parameters and that image corrections have only
limited influence on these results. Unexpectedly, scanner upgrades were found to have major effects on diffusion measures
with DWI or DTI that can be even larger than those related to patients’ characteristics. These data support that ADC
histograms from daily used DWI can provide relevant parameters for assessing cSVD, but the variability related to scanner
upgrades as regularly performed in clinical centers should be determined precisely for longitudinal and multicentric studies
using diffusion MRI in cSVD.
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Introduction
CADASIL (Cerebral Autosomal Dominant Arteriopathy with
Subcortical Infarcts and Leukoencephalopathy) is the most
frequent hereditary cerebral small vessel disease (cSVD) charac-
terized by recurrent stroke and early cognitive decline affecting
middle-aged adults. It is considered as a unique model to
investigate the pathophysiology of subcortical ischemic vascular
dementia related to cSVD.[1]Conventional magnetic resonance
imaging (MRI) provides key information for diagnosis of the
disease. FLAIR or T2-weighted images show diffuse white matter
signal abnormalities in all symptomatic but also in asymptomatic
CADASIL patients[2]. T1-weighted images often show lacunar
infarctions accumulating progressively with the progression of the
disease in two thirds of patients[2].
Unlike conventional T1 and T2-weighted MRI sequences,
diffusion MRI can probe the microstructural integrity of cerebral
tissue and was shown to be highly sensitive to cerebral tissue
changes in cSVD[3]. Important changes of diffusion tensor
imaging (DTI) metrics (mean diffusivity –MD and fractional
anisotropy –FA) have been reported both inside and outside areas
of increased signal on T2-weighted or FLAIR images in various
white-matter disorders.[4–9]In conditions with diffuse tissue
lesions such as hypertension related cSVD or CADASIL, a
quantitative approach based on whole brain histograms of
diffusion was found to reflect the overall disease severity and
various DTI histogram parameters (mean value, median value,
peak location, peak height, kurtosis, skewness) have been reported
to correlate with clinical scores both in cross-sectional and
longitudinal studies.[10–20]Some DTI metrics were even found
more sensitive than clinical scales in detecting the disease
progression over time[11,15,21]. In CADASIL, mean value of
MD histograms obtained over the whole brain has been previously
found to increase before any significant clinical change during
follow up and to predict disease progression [21,22]. DTI
measures were then proposed as potential adjunct outcome
measures for future therapeutic trials in cSVD[10,21–24].
However, the effects of variations in sequences or scanners on
diffusion measures, which are of crucial importance for multicen-
tric and longitudinal studies, have only been evaluated in limited
samples and mainly in healthy volunteers[25–28]. In addition, for
large scale multicentric studies, a very simple and highly
reproducible measure derived from diffusion histograms appears
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strongly needed. Apparent diffusion coefficient (ADC) histograms
obtained from measures in 3 gradient directions (x, y and z
directions) over the whole brain without the use of any operator-
dependent and time-consuming post-processing as daily per-
formed in stroke patients may represent an alternative approach to
DTI-metrics based on longer acquisitions and more sophisticated
calculations. The main advantage of using ADC histograms would
be its wide availability, simplicity and rapidity making it also
suitable for routine clinical use.
The aims of the present study were: 1) to evaluate whether very
simple parameters derived from ADC histograms can be used
similarly to DTI histogram parameters to assess the severity of
cSVD, 2) to assess the magnitude of the effect of scanner upgrades
or changes that necessarily occur in clinical studies over a large
time scale- as compared to the effect of clinical scores, age and sex
on ADC histogram parameters. For this purpose, clinical and
MRI data from a large cohort of CADASIL patients evaluated in
two different clinical centers and over a long time period were
analyzed.
Methods
Subjects
Data from 771 MRI scans performed in 348 CADASIL patients
having a typical mutation of the Notch3 gene were used for
analysis in this study. Patients were recruited from 2006 to 2012ina
large cohort study performed in two referral centers (Lariboisie`re
Hospital in Paris and Institute for Stroke and Dementia Research
in Munich). The detailed design of this study has been previously
reported elsewhere.[29]The study was approved by an indepen-
dentethics committee at both centres (Paris: Ethics Committee of
Saint Louis Hospital, reference no. P020921-AOR02001; Mu-
nich: Ethikkommission der Med. Fakulta¨t der LMU Mu¨nchen), all
patients gave a written informed consent to participate.
Clinical evaluation
All subjects underwent a detailed neurological examination
during the 2 hours before MRI, including the evaluation of the
NIHSS, modified Rankin Scale, Barthel Index and Mattis
Dementia Rating Scale. Patients had follow-up examinations with
an interval of 18 months over a period of 3 years.
MRI
MRI scans were obtained with 1.5T scanners (Vision[Siemen-
s]in Munich and Signa [General Electric Medical Systems] in
Paris) with repeated software and hardware (coil, channel RF and
other technical element) updates (GE Signa 08, 09, 11, 11 new, 12)
as proposed by the manufacturer in all clinical centers during the
study period. Diffusion weighted imagingwas performed in all
patients (Siemens: TR/TE 5100/137 ms, slice thickness 5 mm,
interslice gap 1.5 mm, 1286128; b-value = 1000; General Electric:
TR/TE 8200/83 ms, slice thickness5.5 mm, interslice gap
1.5 mm, 1286128; b value = 1000 s/mm2). To obtain ADC
maps, DWI scans were acquired in the X, Y, and Z directions
and then averaged to make ADC measurements largely indepen-
dent of the effects of anisotropic diffusion. Apparent diffusion
coefficient values were then calculated for each voxel to generate
ADCxyz maps. In a subset of patients (n = 280) diffusion tensor
imaging was also performed using a unique and optimized
protocol on GE Signa in 23 directions (TR: 7500, TE: 98.8 ms,
EC: 1/1, bandwidth: 91 Khz, slice thickness: 5.5 mm, inter slice
gap 1.5 mm, 23 slices, 1286128, b value = 700 s/mm2in 23
Figure 1. Linear regression analysis of mean value derived
from ADC histograms vs mean MD values obtained with DTI
after CSF removal (x 1024 mm2/s) on the GE scanner. The graph
shows the large effects of different scanner versions (software and
hardware updates). If the ADC and MD measures appear well correlated
overall, the graph illustrates that they clearly depend on the scanner
version and are not concordant since all regression lines significantly
differ from the perfect concordance line (dashed line).
doi:10.1371/journal.pone.0097173.g001
Table 1. Correlation coefficients between ADC and MD histogram parameters (n denotes the number of scans); all p-values are
less than 0.0001
MRI/software Mean w/o CSF Mean w CSF Height w/o CSF Height w CSF Peak
Signa 08 (n= 56) 0.975 0.989 0.957 0.972 0.889
Signa 09 (n= 38) 0.681 * 0.879 0.877 0.884 0.252 **
Signa 11 (n= 129) 0.946 0.952 0.971 0.978 0.888
Signa 11 new (n=276) 0.959 0.977 0.989 0.991 0.790
Signa 12+ (n= 204) 0.993 0.994 0.990 0.993 0.926
Values of 0.935* and 0.779** after removal of two outliers.
doi:10.1371/journal.pone.0097173.t001
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directions). Eigen-vectors were obtained from all 23 directions for
each voxel and eigen values were used for calculation of mean
diffusivity (MD = Trace/23). Data obtained using other DTI
sequences that were performed during the study were not included
in this analysis.
Image analysis
MD and ADC were first calculated over the whole volume of
the brain. In the present study, all ADC histogram parameters
obtained using DWI were compared to mean diffusivity (MD)
histogram parameters obtained using DTI at the same time and
considered as the reference method. MD histograms were
generated after removal of voxels containing CSF using a cutoff
value of diffusion at 1861024 mm2/s. This cutoff level was chosen
after careful visual assessment of the effect of different thresholds.
In search for the simplest measure of diffusion, we evaluated the
effects of different image corrections usually requested for DTI
measures (cerebrospinal fluid (CSF) suppression, automatic and
manual artifacts removal) on ADC histogram parameters. ADC
histograms were generated before and after applying 3 types of
image correction on crude ADC maps; 1) suppression of CSF with
a threshold value at 1861024 mm2/s; 2) automatic removal of the
top and bottom three slices containing the most important artifacts
or peripheral CSF; 3) manual removal of artifacts at the bone-air
interface by an experienced neurologist (JM).Histograms were
obtained using a bin width of 0.161024 mm2/s and normalized
over the number of voxels to correct for individual differences in
brain size. The mean value, peak location and peak height of
diffusion histograms were used for analysis. Because height,
kurtosis and skewness -parameters that represent the histogram
curve- were found to be highly correlated to each other, we chose
to only include height in the final analysis.
Statistical methods
All analyses were made taking into account the 5 hardware
upgrades performed on the GE scanner during the study period
(Signa 08, 09, 11, 11 new and 12+). The relationship between MD
and ADC histogram parameters was evaluated by the correlation
coefficient, linear regression, intra-class correlation and Bland-
Altman plots. A similar methodology was used to compare
corrected and non-corrected ADC histograms. Finally, a mixed-
effects model was used to assess the magnitude of the effect of
scanner upgrades versus clinical scores on ADC histogram
parameters. In these regression models adjusted for age and
gender, a random scanner upgrade effect was used, to model an
expected magnitude of scanner updates in general (standard error
of the random effect), that can be compared to the (fixed) effect of
clinical scores on ADC histogram parameters. All tests were two-
sided and p-values ,0.05 were considered as indicating significant
Table 2. Intra-class correlation coefficient between ADC and MD histogram parameters (n denotes the number of scans).
MRI/software Mean w/o CSF Mean w CSF Height w/o CSF Height w CSF Peak
Signa 08 (n = 56) 0.691 0.777 0.836 0.855 0.477
Signa 09 (n = 38) 0.698* 0.850 0.789 0.826 0.202**
Signa 11 (n = 129) 0.919 0.770 0.811 0.835 0.797
Signa 11 new (n = 276) 0.944 0.964 0.927 0.939 0.722
Signa 12+ (n = 204) 0.990 0.986 0.986 0.990 0.904
Values of 0.833* and of 0.719** after removal of two outliers.
doi:10.1371/journal.pone.0097173.t002
Figure 2. Linear regression analysis of mean value of ADC with and without CSF removal, showing the effects of different scanner
versions.
doi:10.1371/journal.pone.0097173.g002
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Figure 3. Bland–Altman plots for parameters derived from ADC histograms with and without application of different image
corrections.
doi:10.1371/journal.pone.0097173.g003
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association. Analyses were performed using the R statistical
software version 2.15.0.
Results
Comparison of ADC histograms to the reference method
according to scanner upgrades
Correlation coefficients between ADC and MD histogram
parameters (as the reference method) were found high (all r. 0.75
with p values less than 0.0001) but to differ somewhat according to
the scanner upgrade (Figure 1 and Table 1). Intra-class correlation
coefficients (Table 2), corresponding to the ratio of the inter-
patient variance to the overall variance of measurements, were
found high independently of the scanner software version for the
mean and height values of ADC histograms obtained after
removal of CSF. Without CSF removal, the results appeared more
variable according to the scanner version. The tightest correspon-
dence with the reference method was observed for the mean value
of ADC histograms.
Effects of imaging data corrections on ADC histogram
parameters according to scanner upgrades
The intra-class correlation coefficients between corrected and
non-corrected ADC histogram parameters are presented in
Table 3. Intra-class correlation of parameters with/without CSF
removal was found lower for the mean value than for the height of
ADC histograms. Peak location was unaffected by CSF removal
(as expected and not reported here). Plotting parameters with
versus without CSF removal revealed a clear scanner version effect
for the mean value, but also for the height, although less marked
(Figure 2). Histogram parameters with/without removal of
artifacts obtained either automatically (top-bottom three slices)
or manually (bone-air artifacts) were almost perfectly correlated, in
particular for the mean and height values of ADC histograms.
Moreover, no strong scanner software version effect was found,
thus data were analyzed all together by Bland–Altman plots
(Figure 3). These plots showed that narrow limits of agreement
were obtained for all parameters, showing small or even negligible
differences between parameters with and without correction.
However, automatic removal of top/bottom three slices yield to a
drift of mean and height values. Smaller values of parameters were
slightly underestimated and larger values slightly overestimated.
No such drift was observed with manual removal of bone-air
artifacts, but a small downward bias was observed for the mean
and a small upward bias for the height.
Evaluation and impact of scanner upgrades
A strong effect of scanner upgrade was detected on all diffusion
parameters (measured both on DTI and DWI). This is illustrated
on Figure 1 for the mean values of whole brain histograms after
CSF removal. The latest scanner software upgrades Signa 11 new
and Signa 12 were the only ones for which all parameters
measured by DTI (MD) or DWI (ADC) histograms were found
highly concordant, with intraclass correlation coefficients above
0.9 (Table 2).On the contrary, the other scanner upgrades showed
a smaller concordance, and the mean value and peak of the
histogram were even very poorly correlated with Signa 09 version.
Finally, Bland–Altman plots were also obtained for Signa 11 new
and 12 versions of scanner since for the other versions, clear biases
and deviations were expected. The corresponding plots are
presented in Figure 4 showing small limits of agreement (mean
difference 6 2 SD) between the mean value of ADC and MD
histograms, after CSF removal in all cases. Some evidence of
downward bias for mean ADC measures was found for Signa 11
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Figure 4. Bland–Altman plots for the mean value of ADC vs MD histograms after CSF removal on GE scanners with upgrade Signa
11 new and Signa 12+.
doi:10.1371/journal.pone.0097173.g004
Table 4. Effects of clinical scores, age and sex (represented by their regression coefficients) compared to the random scanner
effect (represented by its standard deviation) on different ADC histogram parameters.
Clinical score Rankin NIHSS Barthel at 100
Coefficient (SE) P Coefficient (SE) P Coefficient (SE) P
ADC mean
Score 0.55 (0.04) ,0.0001 0.18 (0.02) ,0.0001 21.44 (0.15) ,0.0001
Age 0.051 (0.006) ,0.0001 0.073 (0.006) ,0.0001 0.061 (0.006) ,0.0001
Male gender 0.37 (0.11) 0.002 0.40 (0.13) 0.002 0.49 (0.12) ,0.0001
Random scanner effect
SD of random effect (SE) 1.01 (0.06) 0.98 (0.07) 1.03 (0.05)
ADC mean without CSF
Score 0.19 (0.02) ,0.0001 0.053 (0.010) ,0.0001 20.49 (0.07) ,0.0001
Age 0.022 (0.003) ,0.0001 0.030 (0.003) ,0.0001 0.025 (0.003) ,0.0001
Male gender 0.097 (0.052) 0.065 0.11 (0.06) 0.049 0.14 (0.05) 0.013
Random scanner effect
SD of random effect (SE) 0.76 (0.06) 0.76 (0.06) 0.76 (0.06)
ADC peak location
Score 0.13 (0.02) ,0.0001 0.038 (0.011) ,0.0001 20.35 (0.08) ,0.0001
Age 0.012 (0.003) ,0.0001 0.017 (0.003) ,0.0001 0.014 (0.003) ,0.0001
Male gender 0.038 (0.061) 0.54 0.048 (0.063) 0.45 0.062 (0.062) 0.32
Random scanner effect
SD of random effect (SE) 1.02 (0.07) 1.02 (0.06) 1.03 (0.05)
Note that no test was performed for random effects.
doi:10.1371/journal.pone.0097173.t004
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new, with a mean difference of 20.04 (95%CI 20.06 to 20.03)
and of upward bias with Signa 12, with which the mean difference
was 0.08 (95%CI 0.07 to 0.09). Despite these differences, limits of
agreement were 20.3 and 0.2 for Signa 11 new and 20.1 and 0.2
for Signa 12, which are small enough as compared to the
measurements of DTI and DWI which span over the range of 8.5
to 12.5, with an average of about 10.
The effect of clinical scores, age and sex as compared to the
random MRI scanner effect on different ADC histogram
parameters evaluated in a mixed-effects model is presented in
Table 4. The results showed that, globally, the standard deviation
of the random scanner effect was larger than the regression
coefficients of fixed effects of clinical scores, age or sex on ADC
histogram parameters.
Discussion
The main findings of this study are that: 1) ADC histogram
parameters appear highly correlated to MD values derived from
DTI histograms previously used for assessing microstructural
changes in cSVD, 2) image corrections such as CSF or artifacts
removal have little effect on ADC measures over the whole brain,
3) conversely, scanner upgrades, as currently performed in a
clinical setting over a large time scale, have major effects on
measures derived from ADC histograms that can be even larger
than the effects of age, sex or of the disease itself.
Metrics derived from whole brain MD histograms using DTI
previously emerged as reliable and precise markers of disease
severity and appeared particularly promising for monitoring
disease progression in cSVD[10,11,13,15,21,22].Although some
studies based on routine DWI-derived ADC histograms already
provided significant results[24], different diffusion MR techniques
for assessing microstructural changes in cSVD have not been
directly compared so far. In the present study, ADC histogram
parameters obtained with DWI were found strongly correlated to
parameters derived from MD histograms after CSF removal
obtained with DTI and considered as the ‘‘gold standard’’
measure of diffusion in cSVD. In particular, the correlation was
excellent when mean or height values of ADC histograms were
compared to MD histogram values after CSF suppression. As
might be expected, the concordance with the reference method
was slightly altered in the absence of CSF suppression. These data
strongly support that ADC histogram parameters from basic DWI
as daily used in stroke centers may replace DTI measures for
assessing tissue damage in cSVD.
Since the goal of using diffusion MR histograms is to globally
quantify the microstructural brain tissue damage, considerable
efforts are made to remove factors that may alter diffusion
estimates such as the partial volume effect of increased CSF spaces
in cortical atrophy or artifacts related to image distortion or those
at the bone-air interface. Thus, various methods of CSF
suppression have been proposed such as diffusion threshold-
ing[14,22,24], fuzzy clustering-voxel based morphometry [15,26]
or the use of FLAIR-DWI[26,30]. In this study we used a
relatively low diffusivity threshold (1861024 mm2/s) after careful
visual assessment of different threshold values (ranging from 16 to
2861024 mm2/s) to exclude voxels containing CSF before
histogram generation. CSF removal had only slight effects on
the correlation between ADC and MD histogram parameters. It
did not change the peak location, but as expected, shifted the
mean ADC to lower values and elevated the height of ADC
histograms. Although moderate, the influence of CSF suppression
was found to vary according to scanner upgrades. In contrast,
removal of all bone-air artifacts manually or automatic suppression
of the problematic top-bottom slices were found to have negligible
effects on ADC histogram parameters in the cohort. The intra-
class correlation coefficients were found always larger than 0.9
when ADC histograms were obtained before and after these
interventions.
During this study, multiple upgrades of the MR scanner
occurred as usually observed in a clinical setting over a large time
scale. We showed in this study that these upgrades had major
effects on diffusion measures. Such large variations were not
initially expected since water diffusion as measured by MRI is
mainly a physical characteristic of the tissue itself that should not
be related to MR properties. However, significant effects related to
the use of different scanners and/or imaging sequences on
diffusion measures were previously reported in a small number
of healthy volunteers[25–28]. These studies showed that ADC
measures are significantly influenced by more or less important
changes of hardware often performed over a long period in a
clinical setting. The inter-scanner variability was previously found
much greater than the inter-sequence variability but both were
found relatively low in previous studies[25]. Growing maximum b-
values were found to shift diffusion histograms to lower values, but
scan-rescan results did not significantly differ[26]. In the present
study, we observed that the variability related to the different
scanner upgrades performed during the study period can far
exceed the effects of the disease itself. In contrast, when the
analysis was restricted to data obtained after the two last scanner
upgrades which provided the most concordant diffusion data with
the reference method, variations related to the scanner effect were
found 10 times less than those related to patient characteristics.
These data suggest that MR scanner upgrades can alter diffusion
quantification during a long term follow-up study of cSVD but
also that a reduction of related-variations can be obtained using
appropriate technology and quality control as was proposed by a
recent study on diffusion MRI of the breast[31]. The use of
phantoms across upgrades for reducing scanner related variations
may be particularly useful for correcting these variations.
In this study, the mean value appeared as the most useful
parameter derived from whole brain ADC histograms for different
reasons. The mean value is a continuous parameter and is thus
more precise than the peak location which is necessarily discrete
due to the use of bins for histograms. The mean value was also
found to show the tightest correlation with the corresponding MD
histogram parameter and was less influenced by the random
scanner effect than the other parameters. Finally, the mean value
of both ADC and MD histograms were previously reported to
correlate with various clinical scores more than other histogram
parameters both cross-sectionally and longitudinally[11,15,21,22].
In conclusion, the results of the present study suggest that
parameters of whole brain ADC histograms derived from clinically
used DWI may be helpful in investigating cSVD in multicentric
and large cohort studies. The mean ADC value measured over the
whole brain after CSF suppression may represent a simple and
relevant measure of microstructural changes in cSVD. However,
the control of the major effects related to scanner upgrades on
diffusion measures appears mandatory and the variability related
to scanner or sequence changes on diffusion measures should be
precisely estimated for long-term or multicentric studies.
Author Contributions
Conceived and designed the experiments: M. Dichgans HC. Performed the
experiments: JM EJ M. Duering. Analyzed the data: BG RP. Contributed
reagents/materials/analysis tools: JPG. Wrote the paper: BG RP HC.
ADC Histograms in Cerebral Small Vessel Disease
PLOS ONE | www.plosone.org 7 May 2014 | Volume 9 | Issue 5 | e97173
References
1. Chabriat H, Joutel A, Dichgans M, Tournier-Lasserve E, Bousser MG (2009)
CADASIL. Lancet Neurol 8: 643–653.
2. Chabriat H, Levy C, Taillia H, Iba-Zizen MT, Vahedi K, et al. (1998) Patterns
of MRI lesions in CADASIL. Neurology 51: 452–457.
3. Mascalchi M, Filippi M, Floris R, Fonda C, Gasparotti R, et al. (2005) Diffusion-
weighted MR of the brain: methodology and clinical application. Radiol Med
109: 155–197.
4. Molko N, Pappata S, Mangin JF, Poupon C, Vahedi K, et al. (2001) Diffusion
tensor imaging study of subcortical gray matter in CADASIL. Stroke 32: 2049–
2054.
5. Kin T, Hirano M, Taoka T, Furiya Y, Kataoka H, et al. (2006) Global and
region-specific analyses of apparent diffusion coefficient in dentatorubral-
pallidoluysian atrophy. AJNR Am J Neuroradiol 27: 1463–1466.
6. Nusbaum AO, Tang CY, Buchsbaum MS, Wei TC, Atlas SW (2001) Regional
and global changes in cerebral diffusion with normal aging. AJNR
Am J Neuroradiol 22: 136–142.
7. Rovaris M, Bozzali M, Iannucci G, Ghezzi A, Caputo D, et al. (2002)
Assessment of normal-appearing white and gray matter in patients with primary
progressive multiple sclerosis: a diffusion-tensor magnetic resonance imaging
study. Arch Neurol 59: 1406–1412.
8. Tessa C, Giannelli M, Della Nave R, Lucetti C, Berti C, et al. (2008) A whole-
brain analysis in de novo Parkinson disease. AJNR Am J Neuroradiol 29: 674–
680.
9. Vrenken H, Pouwels PJ, Geurts JJ, Knol DL, Polman CH, et al. (2006) Altered
diffusion tensor in multiple sclerosis normal-appearing brain tissue: cortical
diffusion changes seem related to clinical deterioration. J Magn Reson Imaging
23: 628–636.
10. Chabriat H, Pappata S, Poupon C, Clark CA, Vahedi K, et al. (1999) Clinical
severity in CADASIL related to ultrastructural damage in white matter: in vivo
study with diffusion tensor MRI. Stroke 30: 2637–2643.
11. Charlton RA, Schiavone F, Barrick TR, Morris RG, Markus HS (2010)
Diffusion tensor imaging detects age related white matter change over a 2 year
follow-up which is associated with working memory decline. J Neurol Neurosurg
Psychiatry 81: 13–19.
12. Chua TC, Wen W, Slavin MJ, Sachdev PS (2008) Diffusion tensor imaging in
mild cognitive impairment and Alzheimer’s disease: a review. Curr Opin Neurol
21: 83–92.
13. Della Nave R, Foresti S, Pratesi A, Ginestroni A, Inzitari M, et al. (2007) Whole-
brain histogram and voxel-based analyses of diffusion tensor imaging in patients
with leukoaraiosis: correlation with motor and cognitive impairment. AJNR
Am J Neuroradiol 28: 1313–1319.
14. Mascalchi M, Moretti M, Della Nave R, et al. Longitudinal evaluation of
leukoaraiosis with whole brain ADC histograms. Neurology. 2002 Sep
24;59(6):938–40.
15. Nitkunan A, Barrick TR, Charlton RA, Clark CA, Markus HS (2008)
Multimodal MRI in cerebral small vessel disease: its relationship with cognition
and sensitivity to change over time. Stroke 39: 1999–2005.
16. Nitkunan A, Charlton RA, McIntyre DJ, Barrick TR, Howe FA, et al. (2008)
Diffusion tensor imaging and MR spectroscopy in hypertension and presumed
cerebral small vessel disease. Magn Reson Med 59: 528–534.
17. Nusbaum AO, Tang CY, Wei T, Buchsbaum MS, Atlas SW (2000) Whole-brain
diffusion MR histograms differ between MS subtypes. Neurology 54: 1421–
1427.
18. O’Sullivan M, Singhal S, Charlton R, Markus HS (2004) Diffusion tensor
imaging of thalamus correlates with cognition in CADASIL without dementia.
Neurology 62: 702–707.
19. Rovaris M, Iannucci G, Cercignani M, Sormani MP, De Stefano N, et al. (2003)
Age-related changes in conventional, magnetization transfer, and diffusion-
tensor MR imaging findings: study with whole-brain tissue histogram analysis.
Radiology 227: 731–738.
20. Schmidt R, Ropele S, Ferro J, Madureira S, Verdelho A, et al. (2010) Diffusion-
weighted imaging and cognition in the leukoariosis and disability in the elderly
study. Stroke 41: e402–408.
21. Molko N, Pappata S, Mangin JF, Poupon F, LeBihan D, et al. (2002) Monitoring
disease progression in CADASIL with diffusion magnetic resonance imaging: a
study with whole brain histogram analysis. Stroke 33: 2902–2908.
22. Holtmannspotter M, Peters N, Opherk C, Martin D, Herzog J, et al. (2005)
Diffusion magnetic resonance histograms as a surrogate marker and predictor of
disease progression in CADASIL: a two-year follow-up study. Stroke 36: 2559–
2565.
23. Chabriat H (2005) Diffusion histograms in CADASIL. Stroke 36: 2526.
24. Jouvent E, Viswanathan A, Mangin JF, O’Sullivan M, Guichard JP, et al. (2007)
Brain atrophy is related to lacunar lesions and tissue microstructural changes in
CADASIL. Stroke 38: 1786–1790.
25. Cercignani M, Bammer R, Sormani MP, Fazekas F, Filippi M (2003) Inter-
sequence and inter-imaging unit variability of diffusion tensor MR imaging
histogram-derived metrics of the brain in healthy volunteers. AJNR
Am J Neuroradiol 24: 638–643.
26. Steens SC, Admiraal-Behloul F, Schaap JA, Hoogenraad FG, Wheeler-
Kingshott CA, et al. (2004) Reproducibility of brain ADC histograms. Eur
Radiol 14: 425–430.
27. Fox RJ, Sakaie K, Lee JC, Debbins JP, Liu Y, et al. (2012) A validation study of
multicenter diffusion tensor imaging: reliability of fractional anisotropy and
diffusivity values. AJNR Am J Neuroradiol 33: 695–700.
28. Pagani E, Hirsch JG, Pouwels PJ, Horsfield MA, Perego E, et al. (2010)
Intercenter differences in diffusion tensor MRI acquisition. J Magn Reson
Imaging 31: 1458–1468.
29. Viswanathan A, Guichard JP, Gschwendtner A, Buffon F, Cumurcuic R, et al.
(2006) Blood pressure and haemoglobin A1c are associated with microhaemor-
rhage in CADASIL: a two-centre cohort study. Brain 129: 2375–2383.
30. Dichgans M, Putz B, Boos D, Auer DP (2003) Role of subvoxel free fluid on
diffusion parameters in brain tissue with cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy and its
correlation with physical disability: histogram analysis of standard and fluid-
attenuated MR diffusion. AJNR Am J Neuroradiol 24: 1083–1089.
31. Giannelli M, Sghedoni R, Iacconi C, Iori M, Traino AC, et al. (2014) MR
scanner systems should be adequately characterized in diffusion-MRI of the
breast. PLoS One 9: e86280.
ADC Histograms in Cerebral Small Vessel Disease
PLOS ONE | www.plosone.org 8 May 2014 | Volume 9 | Issue 5 | e97173
